Introduction
The mechanisms by which general anesthetics produce a variety of endpoints, including hypnosis, immobility, and amnesia, remain incompletely understood. Recognizing that a unitary mechanism is unlikely, a major goal of current research in this area is to relate specific molecular-and cellular-level targets to their network-and behavioral-level consequences.
Of the many candidate targets that have been considered, GABA A receptors (GABA A Rs) are perhaps the most universally recognized and extensively studied. They comprise a family of heteropentameric ligand-gated anion channels that are composed of five subunits, selected from a number of subfamilies (␣1-␣6, ␤1-␤3, ␥1-␥3, ␦, , and ), most commonly two ␣ subunits, two ␤ subunits, and one ␥ subunit (Olsen and Sieghart, 2008) . These receptors are modulated by a wide range of anesthetic agents, some of which act on additional molecular targets and others that are relatively specific (Jones et al., 1992; Jones and Harrison, 1993; Uchida et al., 1995) . This latter group includes etomidate, an imidazole derivative that is used clinically to induce general anesthesia. This drug has also become an important experimental compound in mechanistic studies of general anesthesia because of its relative target specificity for GABA A Rs that incorporate the ␤2 or ␤3 subunit (Jones et al., 1992; Uchida et al., 1995; Forman, 2011) .
Like many other general anesthetics, etomidate produces amnesia at a fraction of the concentration that produces the other endpoints of anesthesia (Rudolph and Antkowiak, 2004) . Substantial evidence indicates that it does so by enhancing the activity of ␣5-subunit containing GABA A Rs (␣5-GABA A Rs; Cheng et al., 2006; Orser, 2007; Martin et al., 2009 ). Although they are sparsely expressed elsewhere in the brain, ␣5-GABA A Rs are enriched in the hippocampus, in which they are found at extrasynaptic sites and give rise to a persistent conductance termed "tonic inhibition" (McKernan et al., 1991; Sieghart and Sperk, 2002; Caraiscos et al., 2004b) . Because etomidate enhances tonic inhibition (Cheng et al., 2006) and changes in tonic inhibition can alter dendritic integration and LTP (Martin et al., 2009 ), a causal link has been proposed.
Our recent finding that the effects of etomidate on tonic inhibition in pyramidal cells can be dissociated from its effects on memory in vivo and synaptic plasticity in vitro challenges this notion (Zarnowska et al., 2015) . Studying mice that carry a mutation in ␤3-GABA A Rs that renders them insensitive to etomidate, we found that the drug no longer enhanced tonic inhibition, but it did still impair fear conditioning to context (a hippocampusdependent memory task) and it blocked LTP. One possible explanation for this dissociation is that etomidate might act primarily by modulating ␣5-GABA A Rs found elsewhere on pyramidal neurons, such as at GABA A,slow synapses, a subset of which use ␣5-GABA A Rs (Zarnowska et al., 2009; Capogna and Pearce, 2011) . Alternatively, etomidate might impair memory by targeting ␣5-GABA A Rs found on nonpyramidal cells, as described recently for oriens-lacunosum moleculare (O-LM) interneurons (Salesse et al., 2011) . We report here the results of experiments designed to distinguish between these two possibilities.
Materials and Methods
All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Research Council) and were approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee (Madison, WI), the McLean Hospital Institutional Animal Care and Use Committee (Belmont, MA), and the Cantonal Veterinary Office (Zurich, Switzerland). All efforts were made to minimize the suffering of animals and to reduce the number of animals used.
Generation and breeding of experimental mice
To generate both global and conditional Gabra5 knock-out (KO) mice, we began by creating a floxed ␣5 allele (Gabra5 tm2.1Uru ) in C57BL/6N ES cells (Eurogentec). A 7.0 kb NheI-SpeI fragment was used as homologous DNA. Exons 4 (68 bp) and 5 (221 bp) of the Gabra5 gene were flanked with two loxP sites, inserted 1.2 kb apart into the original BamHI and EcoRI sites (Fig. 1) . Selectable markers were removed in vitro. The floxed ␣5 allele was backcrossed onto C57BL/6J mice (The Jackson Laboratory) for at least 10 generations. These mice carrying two floxed Gabra5 alleles (fl-␣5) served as pseudo-wild-type mice, but for the sake of readability, they are referred to hereafter as wildtype (WT) mice.
Global ␣5 KO (gl-␣5-KO) mice were generated by excising the loxPflanked exons 4 and 5 by cre-loxP-mediated recombination in vitro before injecting the ES cells into blastocysts. The gl-␣5-KO allele was backcrossed onto C57BL/6J mice (The Jackson Laboratory) for at least nine generations. The experimental gl-␣5-KO mice used for patchclamp experiments were generated by homozygous crossings at McLean Hospital and shipped to University of Wisconsin-Madison at ϳ22-25 d of age.
Conditional ␣5-KO mice in which the KO was restricted to pyramidal neurons, primarily in the CA1 area of the hippocampus (CA1-pyr-␣5-KO), were generated by crossing CaMKII␣-Cre (T29 -1) mice (Tsien et al., 1996) and fl-␣5 mice. Essentially, female CaMKII␣-Cre/homozygous fl-␣5 mice were bred at University of Wisconsin-Madison with male homozygous fl-␣5 mice to obtain experimental animals, because the T29 -1 transgene has a lower rate of germ-line recombination in the female than in the male germ line. All offspring were genotyped for the presence or absence of Cre and of the ␣5 KO allele to exclude undesired germ-line recombination. Mice were genotyped using DNA template from tail tips, amplified by PCR using specific primers: P1, TTTAGT Figure 1 . GABA A R ␣5 subunit KO mice. A, Generation of the floxed and conditional KO alleles. P1-P3, PCR primers used to detect floxed and KO alleles (loxP sites and primers not drawn to scale). B, Immunohistochemical detection of the GABA A R ␣5 subunit in the hippocampus of conditional and global ␣5 KO mice. Top row, fl-␣5 mice (pseudo-WT) at 4, 8, and 15 weeks of age. Middle row, CA1-pyr-␣5-KO mice at 4, 8, and 21 weeks of age. Bottom row, gl-␣5-KO mice at 23 weeks of age. Note that CA1-pyr-␣5-KO mice display apparently normal staining for the ␣5 subunit at 4 weeks of age, with progressive reductions at 8 and 21 weeks of age in the CA1 region driven by the expression of the CaMKII␣-Cre transgene starting in the third postnatal week (Tsien et al., 1996) .
GTGGGTGGTGATAGGT; P2, CTTCCACAACGGCAAGAAGTCC; and P3, CCACAGATACCCAGATGAATGTG (Fig. 1) .
Immunohistochemistry
Mice were anesthetized deeply with pentobarbital (200 mg/kg) and perfused transcardially with ice-cold PBS, followed by 4% paraformaldehyde containing 15% picric acid. The brain was removed and postfixed for 4 -5 h before being placed into a 30% sucrose solution for 24 h. Forty-micrometer-thick sections were collected into PBS and were kept at Ϫ20°C in an antifreeze solution until staining.
Tissue sections were washed in 50 mM Tris-buffered saline and were then incubated overnight in a Tris solution containing 0.2% Triton X-100, 2% normal goat serum, and the primary antibody (guinea pig anti-␣5, 1:3000; courtesy of Dr. Jean-Marc Fritschy, University of Zurich, Zurich, Switzerland) at 4°C. Sections were then washed in Trisbuffered saline, placed in the secondary antibody solution (goat antiguinea pig, 1:500 in 0.2% Triton X-100, 2% normal goat serum) for 30 min at room temperature, incubated in the avidin-peroxidase complex solution (Vectastain Elite ABC kit; Vector Laboratories), and washed three more times using Tris-buffered saline. Sections were reacted with DAB (0.5 mg/ml final concentration) catalyzed by hydrogen peroxide (1%) and were washed in ice-cold PBS to reduce background. Slidemounted sections were left to air dry overnight, dehydrated with ethanol, and coverslipped. The region-specific expression level of ␣5-GABA A Rs was quantified by optical density using NIH ImageJ version 1.48 in two fl-␣5 (WT) mice aged 8 weeks, three WT mice aged 15-16 weeks, four CA1-pyr-␣5-KO mice ages 8 weeks, and four CA1-pyr-␣5-KO mice aged 21 weeks. For each tissue section, three regions of interest, corresponding to the molecular layers of the dentate gyrus, the CA3, and the CA1 subfields, were outlined manually. Optical density was taken as the mean gray level within the specified area, expressed on a 0 -255 darkness scale, where 0 indicates white and 255 indicates black. To determine whether the expression level was altered within a given region in CA1-pyr-␣5-KO mice aged 8 and 15-16 weeks, the mean optical density was compared with the same region in WT mice. Because no differences were observed in WT mice at 8 versus 15-16 weeks of age, these values were combined into a single WT group for statistical comparisons between genotypes.
Electrophysiology
Long-term potentiation. Transverse 500-m-thick hippocampal slices were prepared from male mice aged 8 weeks (45-80 d old, 62 Ϯ 8 d, mean Ϯ SD, 41 mice) or 16 weeks (110 -121 d old, 115 Ϯ 6 d, mean Ϯ SD, 3 mice). The preparation procedure was detailed previously (Zarnowska et al., 2015) . Slices were recovered in carbogenated (95% O 2 /5% CO 2 ), artificial CSF (aCSF) containing the following (in mM): 127 NaCl, 1.9 KCl, 1.2 KH 2 PO 4 , 26 NaHCO 3 , 1.4 MgSO 4 ⅐ 7H 2 O, 2.2 CaCl 2 ⅐ 2H 2 O, 2.5 ascorbic acid, and 15 glucose, maintained at room temperature (21-23°C) until transfer to the experimental chamber. Extracellular recordings were obtained using a 16-channel linear array recording electrode (50 m separating recording sites; NeuroNexus Technologies) inserted orthogonal to the hippocampal layers in the middle of the hippocampal CA1 region. Slices were bathed in aCSF at a flow rate of 2.5-3.0 ml/min at a temperature of 30 Ϯ 0.5°C. Field EPSPs (fEPSPs) were evoked electrically by a tungsten stereotrode stimulating electrode (0.5 M⍀; World Precision Instruments) placed in the stratum radiatum to activate Schaffer collateral/commissural fibers. Recorded signals were digitized at 10 kHz (Digidata 1440A; Molecular Devices), amplified 1000ϫ, bandpass filtered between 1 and 3000 Hz (Lynx-8 amplifiers; Neuralynx), and acquired using pClamp software (version 10.2; Molecular Devices). Stimuli 0.1 ms in duration were delivered using a constant-current stimulus isolator (model A365D; World Precision Instruments) at 0.03 Hz using a stimulus intensity ("baseline") adjusted to evoke responses below half-maximal fEPSP amplitude. Baseline stimulus amplitude ranged from 30 -150 A and was typically between 30 and 90 A. The recording electrode site used for LTP analysis was selected by choosing the site with the largest amplitude of fEPSP in response to a baseline stimulus and for input-output analysis of population spike (PS) amplitude as the site with a negative-going deflection superimposed on an upward fEPSP.
Recordings were performed in slices incubated in either drug-free aCSF or aCSF preincubated with etomidate for at least 1 h (Benkwitz et al., 2007) . After a stable baseline period, defined as a Ͻ10% change in fEPSP amplitude over 30 min, LTP was evoked using a theta burst stimulus (TBS) protocol consisting of three stimulus trains separated by 1 min. Each train consisted of five bursts of 10 pulses at 100 Hz, delivered every 300 ms (i.e., bursts at ϳ3.33 Hz), at baseline stimulus intensity. LTP was expressed as a percentage of the pre-tetanus baseline, calculated as the average fEPSP slope over the last 10 min of recording divided by the average fEPSP slope measured during the 10 min before TBS, times 100.
Tonic and phasic inhibition. Horizontal 350-m-thick hippocampal slices were prepared from male mice aged 7-9 weeks (64 Ϯ 1.5 d, mean Ϯ SD, 19 mice, experiments at 30°C in gl-␣5-KO, and CA1-pyr-␣5-KO and fl-␣5 littermates) or 3-5 weeks (32.5 Ϯ 1.5 d, mean Ϯ SD, 11 mice, experiments at room temperature, gl-␣5-KO and fl-␣5 littermates only; data not shown). The preparation procedure was detailed previously (Zarnowska et al., 2015) . In short, an ice-cold oxygenated N-methyl-Dglucamine-based cutting solution was used for transcardiac perfusion and slicing of the brain. Slices recovered while submerged in warmed (35°C) carbogenated cutting solution, which was exchanged slowly (at 5 ml/min rate) with warmed (35°C) carbogenated aCSF containing the following (in mM): 130 NaCl, 2.5 KCl, 1.25 Na 2 HPO 4 , 25 NaHCO 3 , 2 MgSO 4 ⅐ 7H 2 O, 2 CaCl 2 ⅐ 2H 2 O, 10 glucose, and 2.5 sodium ascorbate, pH 7.3 (300 -310 mOsm). Thereafter, the slices were maintained at room temperature (21-23°C) until transfer to the experimental chamber. Electrophysiological recordings were performed in a submerged chamber perfused by aCSF at a flow rate of 2.5-3.0 ml/min with carbogenated aCSF at 30 Ϯ 1°C containing kynurenic acid (KA; 3 mM) and GABA (5 M). KA and GABA were added fresh as powder to the aCSF. CA1 pyramidal cells were visualized with a 40ϫ water-immersion objective and infrared differential interference contrast video camera installed on a BX50WI microscope (Olympus). Patch-clamp recordings were amplified and low-pass filtered at 4 kHz using a MultiClamp 700B amplifier (Molecular Devices) and then digitized at 10 kHz using a Digidata 1322A (Molecular Devices). Borosilicate glass pipettes (1.5 mm outer diameter ϫ 0.86 mm inner diameter; Sutter Instruments) were pulled to tip diameters of ϳ1 m using a horizontal puller (P-97; Sutter Instruments) and filled with an intracellular solution containing 90 mM CsCl, 30 mM KCl, 5 mM NaCl, 10 mM Na-HEPES, 5 mM EGTA, 4 mM Mg 2 ATP 2, 0.4 mM Na 3 GTP, 10 mM Na 2 phosphocreatine, and 4 mM QX-314, pH adjusted with 1 M CsOH to 7.3 (290 Ϯ 5 mOsm). The resistances of the pipettes filled with internal solution were 5-7 M⍀. Whole-cell voltageclamp recordings were performed at a holding potential of Ϫ60 mV. Cell capacitance and membrane resistance were measured using the membrane test algorithm provided in the acquisition software (Clampex 10.3; Molecular Devices). Series resistance was not compensated but was monitored, and recordings were discontinued if it increased Ͼ25% through the course of an experiment. Uncompensated series resistance varied between 8 and 18 M⍀.
The effects of etomidate on tonic and phasic inhibition were measured in slices that had been preincubated in etomidate for at least 1 h (Benkwitz et al., 2007) . Tonic inhibition was assessed by applying the noncompetitive GABA A R antagonist picrotoxin (PTX; 100 M) and measuring the change in holding current. Holding current was derived from the Gaussian fit to an all-points amplitude histogram. Histograms (1 pA bin width) were constructed using 1 min of data before PTX application and 20 s of data after the attainment of a steady-state PTX effect, which required ϳ2 min. Before the application of PTX, histograms were skewed toward larger negative values, reflecting the presence of inward sIPSCs. To exclude these sIPSCs in the measurement of the holding current, only the upper half of the distribution was fit to the Gaussian function. The resulting parameters were used to simulate a symmetric Gaussian curve for purposes of illustration. The difference between the peak values of the Gaussian fits before and after addition of PTX was used as the measure of the tonic current.
To detect sIPSCs, the search protocol threshold was set in Mini Analysis Program version 6 (Synaptosoft) at three times the root mean square noise level, which was typically 3-6 pA. For each cell, the averaged frequency and amplitude characteristics of sIPSCs were computed auto-matically. For each cell, at least 40 sIPSCs were averaged, normalized, and characterized by their 10 -90% rise and weighted ( w ) decay time. The sIPSCs used for averaging were selected based on the presence of a stable baseline level and the lack of spontaneous events during the deactivation phase. These events were aligned at the time of half-maximal amplitude of the rising phase. The decay phases of averaged fast sIPSCs were fitted to biexponential functions using a Simplex fitting algorithm Mini Analysis Program version 6. Weighted decay time constant of decay was calculated using the formula w ϭ A1/(A1 ϩ A2) ϫ 1 ϩ A2/(A1 ϩ A2) ϫ 2.
Data analysis
Data analysis was performed in Clampfit 10.3 (Molecular Devices), Origin 9.0 (OriginLab), custom-written R programming language scripts (R Foundation for Statistical Computing, Vienna, Austria), GraphPad Prism version 5.04 (GraphPad Software), and Mini Analysis Program version 6 (Synaptosoft) software.
Statistics
Data are presented as mean Ϯ SEM unless indicated otherwise, with n specifying the number of mice, slices, or cells. To assess region-specific changes in ␣5-GABA A R expression levels, a two-tailed t test was used to compare optical density in each of the hippocampal subfields in CA1-pyr-␣5-KO mice at 8 and 15-16 weeks of age versus WT. Two-way ANOVA was used to test the effects of etomidate and genotype on tonic and synaptic currents. Subsequent post hoc comparisons were made using Tukey's test, with p values adjusted for multiple comparisons. For each comparison, the q ratio was calculated using the formula q ϭ sqrt(2) ϫ D/SED, where D is the difference between the two means and SED is the standard error of that difference (computed from all the data). For experiments assessing tonic inhibitory current under control conditions, a one-sample t test was used to test the null hypothesis that the shift in baseline current during PTX application was equal to zero. For experiments assessing the effects of etomidate on LTP, a one-tailed Student's t test was used to compare LTP in the presence versus absence of etomidate, because etomidate has been found in multiple studies to sometimes decrease, but never increase, LTP (Cheng et al., 2006; Martin et al., 2010; Zurek et al., 2014; Zarnowska et al., 2015) . The critical value for statistical significance was set at p Ͻ 0.05. All reported significant findings have survived correction for multiple comparisons using the BenjaminiHochberg procedure (Benjamini and Hochberg, 1995) .
Chemicals
Etomidate [(R)-1-(1-phenylethyl)-1H-imidazole-5-carboxylic acid ethyl ester] was purchased from Tocris Bioscience as a powder, dissolved in DMSO, and kept in aliquots at 50 mM concentration. For each experiment, an aliquot was thawed and diluted appropriately in recording aCSF. All salts were obtained from Sigma-Aldrich. KA was obtained from Abcam, Na-HEPES was from ChemCruz Biochemicals, and CaCl 2 ⅐ 2H 2 O was from Thermo Fisher Scientific.
Results
Expression of the GABA A R ␣5-subunit is reduced in the CA1 area of the hippocampus of gl-␣5-KO and CA1-pyr-␣5-KO mice To determine whether the genetic modifications achieved the intended results-i.e., whether GABA A R ␣5 subunits were eliminated from all areas (gl-␣5-KO) or selectively (CA1-pyr-␣5-KO)-we assessed the presence of the GABA A R ␣5 subunit at ages ranging from 4 to 21 weeks by immunohistochemistry (Fig.  1) . In the fl-␣5 (WT) mice, dense staining was present throughout the hippocampus at all ages. In the gl-␣5-KO mice, staining was reduced greatly in all regions at 4 weeks of age. In the CA1-pyr-␣5-KO mice, staining was preserved throughout the hippocampus at 4 weeks of age, modestly reduced in the CA1 region at 8 weeks of age ( p ϭ 0.019 vs WT, n ϭ 4 CA1-pyr-␣5-KO and 5 WT mice, two-tailed t test), and strongly reduced at 15 weeks of age ( p ϭ 0.004 vs WT, n ϭ 4 CA1-pyr-␣5-KO and 5 WT mice, two-tailed t test). However, even at 15 weeks of age, there was significantly greater expression in the CA1 region in the CA1-pyr-␣5-KO mice compared with gl-␣5-KO mice ( p ϭ 0.006, n ϭ 4 CA1-pyr-␣5-KO and 1 gl-␣5-KO mice, z test). No significant changes in expression were seen in the DG or CA3 regions compared with WT. This time course of changes restricted to the CA1 region matches previous reports of the age-dependent expression of CaMKII␣ promoter-driven changes in NMDAR expression in CA1 pyramidal neurons of Cre (T29 -1) mice (Tsien et al., 1996) .
Etomidate impairs LTP in slices from WT but not gl-␣5-KO mice
We investigated the effects of etomidate (0.5 and 1 M) on LTP in slices from gl-␣5-KO and fl-␣5 (WT) mice (Fig. 2 A, B,D) . In the absence of etomidate, TBS induced LTP in both genotypes (WT: 157 Ϯ 13%, n ϭ 10, one-sample t test, t ϭ 4.37, p ϭ 0.009; gl-␣5-KO: 149 Ϯ 9%, n ϭ 10, one-sample t test, t ϭ 5.53, p ϭ 0.0002). Etomidate reduced LTP in slices from WT mice (0.5 M etomidate: 117 Ϯ 8%, n ϭ 5, one-tailed t test, t ϭ 2.57, p ϭ 0.012; 1 M etomidate: 110 Ϯ 10%, one-tailed t test, n ϭ 9, t ϭ 2.92, p ϭ 0.005) but not gl-␣5-KO mice (165 Ϯ 8%, n ϭ 9, one-tailed t test, t ϭ 1.36, p ϭ 0.90). These observations replicate previous reports that etomidate impairs LTP in WT but not gl-␣5-KO mice (Cheng et al., 2006) .
Etomidate enhances residual tonic inhibition in WT and gl-␣5-KO mice
We also investigated the effect of etomidate on tonic inhibition in CA1 pyramidal neurons, in brain slices bathed in aCSF supplemented with 5 M GABA and held at 30°C (Fig. 3) . Tonic current was present in both WT (16.8 Ϯ 2.3 pA, n ϭ 9, one-sample t test, t ϭ 7.386, p Ͻ 0.0001) and gl-␣5-KO (10.4 Ϯ 2.2 pA, n ϭ 5, one-sample t test, t ϭ 4.758, p ϭ 0.009) mice, although there was a trend toward reduced amplitude in the gl-␣5-KO versus WT mice (62 Ϯ 15%, Tukey's test, q ϭ 2.064, p ϭ 0.7). Nevertheless, etomidate increased tonic currents to comparable levels in both genotypes (WT, 0.5 M: 36.4 Ϯ 2.9 pA, n ϭ 9; gl-␣5-KO, 0.5 M: 30.8 Ϯ 5.3 pA, n ϭ 6, Tukey's test, q ϭ 1.894, p ϭ 0.76).
These results showing that tonic inhibition is present (although perhaps at a reduced level) in gl-␣5-KO mice and that it is enhanced to an extent that is comparable with WT are somewhat surprising given previous indications that ␣5-GABA A Rs underlie tonic inhibition in CA1 pyramidal cells (McKernan et al., 1991; Sieghart and Sperk, 2002; Caraiscos et al., 2004b) .
To test whether GABA supplementation and experimental temperature might have influenced our results (Houston et al., 2012; Bright and Smart, 2013), we repeated these experiments at room temperature and without GABA added to the aCSF. As before, tonic current was present in both WT and gl-␣5-KO mice (WT: 11.3 Ϯ 2.3 pA, n ϭ 7, one-sample t test, t ϭ 0.499, p ϭ 0.002; gl-␣5-KO: 5.5 Ϯ 1.1 pA, n ϭ 8, one-sample t test, t ϭ 0.359, p ϭ 0.01), again with a trend toward smaller-amplitude tonic current in gl-␣5-KO versus WT mice (Tukey's test, q ϭ 1.707, p ϭ 0.63). In the presence of etomidate (0.5 M), tonic currents were enhanced in slices from both genotypes (WT: 224 Ϯ 81%, n ϭ 7, Tukey's test, q ϭ 3.675, p ϭ 0.07; gl-␣5-KO: 294 Ϯ 82%, n ϭ 8, Tukey's test, q ϭ 3.056, p ϭ 0.005), with no difference between genotypes in percentage increase (Tukey's test, q ϭ 2.287, p ϭ 0.39).
We conclude that global knock-out of the Gabra5 gene might reduce, but does not eliminate, tonic inhibition in CA1 pyramidal cells. Furthermore, the tonic inhibition that remains is enhanced by etomidate to an equal or greater extent compared with WT. These conclusions are independent of experimental temperature and whether 5 M GABA is added to the perfusate. This dissociation between the enhancement of tonic current by etomidate and its ability to impair LTP in gl-␣5-KO mice indicates that etomidate suppresses LTP through a mechanism other than enhancement of tonic current in CA1 pyramidal neurons.
Etomidate impairs LTP in slices from CA1-pyr-␣5-KO mice
The evidence presented above indicates that etomidate suppresses LTP by targeting ␣5-GABA A Rs but not those that give rise to tonic inhibition in pyramidal neurons. Therefore, we considered two other possibilities: (1) etomidate might impair LTP by modulating other forms of ␣5-GABA A R-medidated inhibition on CA1 pyramidal neurons, such as GABA A,slow , a slowly decaying (ϳ50 ms) synaptic response that is mediated in part by ␣5-GABA A Rs (Pearce, 1993 (Chamberland and Topolnik, 2012) .
To distinguish between these two possibilities, we tested whether removing ␣5 subunits from pyramidal neurons (CA1-pyr-␣5-KO) but not interneurons would interfere with the ability of etomidate to suppress LTP (Fig. 2C) . In the absence of etomidate, TBS produced robust LTP in CA1-pyr-␣5-KO mice (140 Ϯ 8%, n ϭ 8, one-sample t test, t ϭ 4.92, p ϭ 0.0009), as it had in WT and gl-␣5-KO mice. However, unlike gl-␣5-KO mice, etomidate reduced the amplitude of LTP in CA1-pyr-␣5-KO mice (120 Ϯ 6%, n ϭ 8, one-tailed t test, t ϭ 1.92, p ϭ 0.0384).
The ability of etomidate to reduce LTP in CA1-pyr-␣5-KO mice thus supports the second possibility, i.e., that etomidate acts via a mechanism that is independent of pyramidal neuron ␣5-GABA A Rs. However, because the expression of CaMKII␣ is developmentally regulated and at 8 weeks of age the elimination of ␣5 subunits may not have been complete, we performed an additional set of experiments using CA1-pyr-␣5-KO mice that were aged 16 weeks, an age at which CaMKII␣-Cre has reached full expression (Tsien et al., 1996) and that our immunohistochemical results indicated that ␣5 subunit knock-out was complete (Fig. 1B) . In these older animals, etomidate similarly blocked LTP (99 Ϯ 9%, n ϭ 5, one-tailed t test, t ϭ 3.40, p ϭ 0.0073). Therefore, we conclude that etomidate blocks LTP independently of ␣5-GABA A Rs on pyramidal neurons.
Characterization of inhibition in pyramidal cells of CA1-pyr-␣5-KO mice
Although the results presented above point toward nonpyramidal cells as the target of etomidate, we examined other aspects of inhibition onto CA1 pyramidal cells of CA1-pyr-␣5-KO mice to test for any unexpected changes that might have occurred and influenced our results.
Tonic current in CA1 pyramidal neurons in CA1-pyr-␣5-KO mice under control conditions was similar to levels seen in WT and gl-␣5-KO mice (12.1 Ϯ 1.1 pA, Tukey's test, q ϭ 1.789 vs WT, p ϭ 0.80, q ϭ 0.552 vs gl-␣5-KO, p ϭ 0.99; Fig. 3 ). There was a trend toward an increase in the amplitude of tonic inhibition in the presence of 0.5 M etomidate (Tukey's test, q ϭ 3.476, p ϭ 0.2), to a level not different from that in gl-␣5-KO mice under the same conditions (Tukey's test, CA1-pyr-␣5-KO vs gl-␣5-KO, q ϭ 3.058, p ϭ 0.43). Characteristics of fast synaptic inhibition, including IPSC frequency, amplitude, 10 -90% rise time, and weighted time constant of deactivation ( deact ), were not different between genotypes under drug-free conditions ( p ϭ 0.3-0.9; Table 1), and etomidate prolonged deact to a similar extent in all genotypes (WT: 129 Ϯ 13%, Tukey's test, q ϭ 2.219, p ϭ 0.623; gl-␣5-KO: 132 Ϯ 31%, Tukey's test, q ϭ 3.088, p ϭ 0.269; CA1-pyr-␣5-KO: 126 Ϯ 13%, Tukey's test, q ϭ 2.192, p ϭ 0.635; Table 1 ). Because the recording conditions for these experiments produced high rates of ongoing fast sIPSCs with substantial baseline noise attributable to tonic current, we were unable to separate and characterize slow sIPSCs, which occur infrequently in vitro even under optimized conditions (Zarnowska et al., 2009 ). Therefore, we are unable to provide a detailed analysis of this inhibitory component. Nevertheless, we did not observe any overt changes in GABA A,slow IPSCs, such as a strong increase in frequency or amplitude, that might have influenced our ability to induce LTP in these mice.
Thus, we conclude that characteristics of tonic and synaptic inhibition are similar in pyramidal neurons of gl-␣5-KO and CA1-pyr-␣5-KO mice, so these factors cannot account for differences in the ability of etomidate to suppress LTP in the two genotypes.
Input-output characteristics in WT, global ␣5-KO, and CA1-pyr-␣5-KO mice
We also considered whether the genetic alterations in the mutant mice we studied might have altered other circuit properties in ways that could have influenced their susceptibility to etomidate block of LTP, in which case the mechanism by which etomidate blocks LTP in the three genotypes may not be the same. Thus, we measured input-output relationships for fEPSP strength (Fig.  4A ) and PS amplitude (Fig. 4B) to assess average excitatory synaptic strength and overall circuit responsiveness. We also examined the relationship between fEPSP strength and PS amplitude (Fig. 4C) to assess intrinsic pyramidal neuron excitability. In all cases, these relationships were similar in the three genotypes, across a range of stimulus intensities that included the stimulus intensities used to assess and induce LTP (30 -90 A). Focusing on this low range of stimulus intensities, the one measure that may have differed between genotypes was the PS amplitude in response to stimuli between 50 and 100 A. However, in this case, the PS amplitude was greater in CA1-pyr-␣5-KO mice than in gl-␣5-KO or WT mice, and this higher level of "circuit respon- siveness" would be expected to make CA1-pyr-␣5-KO mice resistant to the effect of etomidate, rather than more sensitive than gl-␣5-KO, as we observed (Fig. 2) . Moreover, this change would be expected to bias the system toward stronger LTP under drugfree conditions, which was also not observed ( Fig. 2) , nor was there an increase in intrinsic excitability, as shown by overlapping fEPSP/PS ratios in the three genotypes (Fig. 4C) . Thus, the lack of any differences between genotypes in basic circuit characteristics in a way that might explain the sensitivity of CA1-pyr-␣5-KO mice to suppression of LTP by etomidate supports the conclusion that etomidate acts by the same mechanism in WT and CA1-pyr-␣5-KO mice to block LTP.
Discussion
The results presented above support the now well established concept that ␣5-GABA A Rs serve to constrain hippocampusdependent learning and memory and that modulation of these receptors underlies anesthetic-induced amnesia. However, rather than ␣5-GABA A Rs on pyramidal neurons, which until now have been considered the most likely anesthetic targets, our results point to ␣5-GABA A Rs on non-pyramidal cells-most likely inhibitory interneurons-as the essential effectors controlling plasticity in this in vitro model of learning and memory. This conclusion is based on the finding that removing ␣5 subunits from hippocampal pyramidal cells (CA1-pyr-␣5-KO) did not reproduce the effect of removing them from all cells (gl-␣5-KO).
Whereas clinically relevant concentrations of etomidate suppressed LTP in brain slices from fl-␣5 (WT) mice ( Fig. 2A ), brain slices from gl-␣5-KO mice were resistant (Fig. 2B) , as reported previously by other investigators (Cheng et al., 2006) . When combined with other experiments showing that selective pharmacological or genetic manipulation of ␣5-GABA A Rs alters learning and memory in vivo as well as LTP in vitro Martin et al., 2009 Martin et al., , 2010 , the accumulated evidence points strongly toward a causal role for ␣5-GABA A Rs in suppression of LTP and memory by etomidate. Our finding that etomidate suppresses LTP in CA1-pyr-␣5-KO but not in gl-␣5-KO mice (Fig. 2) demonstrates that ␣5-GABA A Rs on pyramidal neurons are dispensable and indicates that ␣5-GABA A Rs on nonpyramidal cells are the critical targets.
The prevalent concept that enhancement of tonic inhibition in pyramidal neurons mediates the ability of etomidate to suppress synaptic plasticity was based on the previous studies cited above, plus immunocytochemical evidence that ␣5 subunits are found at extrasynaptic sites on pyramidal neuron dendrites (Brünig et al., 2002; Crestani et al., 2002) , pharmacological evidence that tonic inhibition in pyramidal neurons is mediated by ␣5-GABA A Rs (Caraiscos et al., 2004b; Prenosil et al., 2006) , and electrophysiological evidence that tonic inhibition is enhanced by etomidate and other anesthetics that impair memory (Caraiscos et al., 2004a) . Together, these findings led to the intuitively appealing notion that these drugs impair memory by increasing membrane conductance, making dendrites "leaky" and preventing the depolarization necessary to relieve Mg 2ϩ block of NMDARs and thereby impairing synaptic plasticity.
Given this strong and well reasoned narrative, we were surprised to discover the dissociation between enhancement of tonic current and block of LTP in ␤3-N265M mice, which carry a mutation in the GABA A R ␤3 subunit that make these receptors insensitive to etomidate (Jurd et al., 2003) . In those mice, etomidate failed to increase tonic current in pyramidal neurons yet it still blocked LTP (Zarnowska et al., 2015) . Our present experiments in gl-␣5-KO mice revealed a second, but converse, dissociation: etomidate increased tonic current in pyramidal neurons, yet it failed to block LTP. We presume that tonic current was not completely eliminated in the ␣5-KO mice because of compensatory substitution by other etomidate-sensitive GABA A Rs. The most likely candidate is GABA A Rs that incorporate ␦ subunits, which in many other cell types are also found at extrasynaptic sites and mediate tonic current (Sperk et al., 1997; Nusser and Mody, 2002) . Indeed, ␦-GABA A Rs have been shown to undergo compensatory upregulation in hippocampal CA3 neurons of ␣5-KO mice (Glykys and Mody, 2006) . It is also possible that the tonic current was carried by residual ␣5 subunits, but this explanation seems less likely given the strong reduction in immunohistochemical staining that we observed (Fig. 1B) . In either case, the results present a clear dissociation between effects of etomidate on tonic current and LTP and indicate that other mechanisms must be considered. The proposal that etomidate impairs LTP by targeting nonpyramidal cells provides a ready explanation for this lack of correlation.
What might these nonpyramidal targets be? In the CA1 region, GABAergic inhibitory neurons and glial cells comprise the two major classes of nonpyramidal cells. Combined pharmacological and electrophysiological experiments have shown that ␣5 subunits do exist on O-LM interneurons, in which they mediate slowly decaying IPSCs (Salesse et al., 2011; Chamberland and Topolnik, 2012) . Other types of interneurons also express slow GABA A R-mediated inhibition (Banks et al., 2000; Price et al., 2005; Fuentealba et al., 2008) , but whether ␣5-GABA A Rs contribute at those synapses is unknown. Glial cells also express inhibitory receptors, including ␣5-GABA A Rs (Song et al., 2012; Renzel et al., 2013) . Treatment of neuronal cultures with conditioned medium collected from cultured astrocytes that had been treated with etomidate has been found to enhance tonic inhibition in hippocampal neurons (Zurek et al., 2014) , and glia can influence synaptic plasticity (McCall et al., 1996; Allen, 2014) . Therefore, glia also represent a plausible target.
Because interneurons are generally thought to reduce pyramidal cell excitability through feedforward and feedback inhibitory pathways, it is somewhat counterintuitive to propose that anesthetic enhancement of ␣5-GABA A R-mediated inhibition onto interneurons might impair LTP, because this would instead increase pyramidal neuron excitability by removing the constraining influence of inhibition, as shown, for example, by the increase in burst firing that is seen when dendrite-targeting interneurons are silenced using cell-type-specific pharmacogenetic or optogenetic methods in vitro and in vivo (Lovett-Barron et al., 2012; Royer et al., 2012) . Indeed, it has long been recognized that LTP is more easily elicited, and more robust, in the presence of GABA A R antagonists such as PTX.
One way to reconcile these potentially conflicting views is through disinhibitory circuits. In this scenario, interneurons that inhibit other interneurons create positive feedback loops that support the induction of LTP. O-LM cells, which are activated by pyramidal neurons, may play an important role in this regard. In addition to inhibiting the distal apical dendrites of CA1 pyramidal neurons, O-LM cells also inhibit interneurons located in the stratum radiatum that counterbalance excitatory input by targeting mid-apical dendrites in a classical feedforward inhibitory arrangement (Leão et al., 2012) . By inhibiting these SR interneurons, O-LM cells allow unopposed excitatory input from the Schaffer collateral pathway to more effectively depolarize the pyramidal neurons, in turn leading to stronger firing of O-LM cells and further disinhibition, in a positive feedback loop that ultimately provides sufficient depolarization to initiate the cascade of events that leads to LTP. By enhancing the activity of ␣5-GABA A Rs that are present on O-LM cells, anesthetics might interrupt this positive feedback loop, thereby allowing conventional feedback and feedforward inhibitory influences (which are also enhanced by GABAergic anesthetics) to quench circuit activation and prevent LTP. This suggestion is in line with an emerging recognition that interneurons can control memory through either direct inhibition of pyramidal cells or disinhibitory circuits (Freund and Gulyás, 1997; Leão et al., 2012; Pi et al., 2013; Groen et al., 2014; Lovett-Barron et al., 2014; Wolff et al., 2014) . It is interesting to note that this proposed mechanism, wherein anesthetics engage the circuit elements that control memory formation under natural conditions, is reminiscent of the proposal that certain anesthetics may "hijack" endogenous sleep circuitry to produce sedation and unconsciousness Lu et al., 2008) .
If interruption of essential disinhibitory circuitry is the mechanism by which etomidate exerts its control of LTP, our recent finding that this drug suppresses LTP through ␤2-subunitcontaining GABA A Rs (Zarnowska et al., 2015) provides a clear test of relevance for candidate interneurons and synapses that underlie this process. Biochemical and electrophysiological evidence supports the existence of ␣5␤2-and ␣5␤3-containing GABA A Rs in the CA1 region of hippocampus (Belelli et al., 1997; Sanna et al., 1997; Ju et al., 2009) , and ␤2-and ␣5-containing GABA A Rs mediate a portion of GABA A,slow synaptic currents (Benkwitz et al., 2007; Zarnowska et al., 2009 ). However, the relative sparsity of ␣5␤2-GABA A Rs compared with ␣5␤3-GABA A Rs (Burgard et al., 1996; Sur et al., 1998; Caraiscos et al., 2004b) suggests that a limited subset of ␣5-mediated inhibitory processes plays a critical role in anesthetic impairment of memory circuits. Identifying those processes will be a useful step toward furthering our understanding of the mechanisms of this essential general anesthetic action.
